Mutational tolerance inferred from laboratory-based mutational studies is typically much higher than observed natural sequence variation. Using saturation mutagenesis, we show that the ccdA antitoxin component of the ccdAB toxin-antitoxin system is unusually sensitive to mutation with over 60% of mutations leading to loss of function. Multi-base synonymous mutations at a codon display enhanced propensity to show altered phenotypes, relative to single-base ones. Such mutations modulate RNA structure, leading to altered relative translation efficiencies of the two genes in the operon, and a CcdA:CcdB protein ratio below one. These insights were used to predict and experimentally validate synonymous mutations that lead to loss of function in the unrelated relBE operon as well as the lacZ gene. Thus, synonymous mutations can have significant phenotypic effects, in the absence of overexpression or extraneous reporters. More generally, proteins are likely more sensitive to mutation than inferred from previous saturation mutagenesis studies.
Introduction
The three-dimensional structure of a protein is dictated by its amino acid sequence and in most cases the structure determines protein function. Classically, mutational phenotypes are used to establish gene function and identify residue specific contributions to protein function.
Non-synonymous and nonsense mutations are often selected against as they lead to partial or complete loss of protein function. Synonymous mutations do not change the amino acid sequence and are expected to be neutral. It is now known that synonymous mutations can in some instances be under selection pressure, but this is believed to be relatively rare (1) .
Synonymous mutations have been reported to be significantly associated with over 50 human diseases (2) emphasizing need for further study of such mutations.
To decipher the molecular basis of the effects of synonymous substitutions, many studies have been performed, both at the single gene and whole genome level. Some of the mechanisms known to be involved in phenotypes observed upon synonymous mutation are; direct effect on protein expression and folding (3) , effects on mRNA stability due to change in secondary structure or mRNA decay (4) changes in protein expression, or bias due to tRNA abundance (5) and effects on translation initiation (6) , elongation or termination (3) .
Synonymous mutations were previously thought to be silent probably due to limited sensitivity and throughput of the assays and proteins used in traditional studies. Mutational sensitivities in experimental studies were generally found to be quite low, leading to the expectation that large sequence variation should exist among natural homologs of the protein, but this was typically not found (7) . Following the advent of high-throughput mutagenesis studies coupled to deep sequencing, most studies showed little or no effect of synonymous mutations, with a few exceptions (8, 9) . One limitation in these studies is the use of artificial stress conditions, such as antibiotic stress, that complicates direct evolutionary interpretation (10) . Most such studies also employed heterologous proteins over-expressed in E. coli or other model organisms, limiting the ability to understand the intrinsic in vivo determinants of such phenotypes, and the effect of synonymous mutations in a native context on fitness. Low or moderately expressed genes are likely not affected by codon bias as much as highly expressed genes, as the abundance of cognate tRNA may not be a limiting factor for these genes. Under physiological conditions, especially in cases where the gene expression is low, it therefore becomes important to study the contributions of individual causal factors to variation in gene expression.
It is also known that there is a selection for local RNA secondary structure at a genome-wide level (11) and that reduced local RNA structure and not codon rarity contributes to increase in expression levels, especially at the N-terminus of genes (12) . With the availability of whole genome transcriptomic, proteomic as well as ribosome profiling data, the determinants of efficient transcription, translation as well as efficient resource allocation in bacteria are slowly beginning to be understood. One way to study the effects of mutations on mRNA translation, independent of mRNA stability, is to monitor the changes in levels of proteins expressed from the same polycistronic mRNA. This assumes that any global effects would alter levels of all genes in the operon. Given a common mRNA sequence, one of the important ways in which modulation of relative expression of the genes in an operon can be controlled, is through differential translation, possibly driven by distinct structures in mRNA in adjacent genes (13) . Differential transcription or differential mRNA stability is unlikely in the case of genes encoded in polycistronic mRNAs except in cases where there could be internal transcription initiation or termination sites. For genes in an operon to display differential rates of protein production, internal initiation of translation is likely essential.
Toxin-antitoxin (TA) systems in bacteria are an attractive model to study co-regulation of gene expression as well as transcriptional and translational coupling (14) . For most type II TA systems, the antitoxin and the toxin genes are expressed as part of a single operon (15) .
Although the distance between the stop codon of the first gene and start codon of the second gene can vary, bioinformatics studies have shown that in the case of TA systems it is between 0-5 nucleotides (15) . In some cases, the two ORFs even overlap with each other (16) . Posttranslationally, the two proteins are subjected to differential degradation. The ratio of antitoxin to toxin is expected to diminish during stress conditions, as in the case of persisters, where it is thought that the accumulation of the toxin leads to metabolic dormancy by slowing vital cell processes such as replication, transcription and translation (17) . Although conditional co-operativity is known to be a dominant mechanism in regulating the transcription of most TA systems (18) , mechanisms that can lead to differential levels of the toxin and the antitoxin protein from a common mRNA are not well understood. For conditional co-operativity to manifest, the default assumption is that the antitoxin is present at significantly higher levels than the toxin, a notion which has not been rigorously tested previously. Given the higher rate of degradation for the antitoxin due to its disordered nature, the antitoxin needs to be produced at a higher rate than the toxin, for the cells to be viable.
While levels can be in principle regulated at both the transcriptional as well as the translational level, RNA-seq data from E.coli indicate that mRNA levels for the toxin and the antitoxin are not significantly different, as is expected for genes encoded by a single polycistronic mRNA (16) . Ribo-seq data available for TA systems indicate that the protein synthesis rates (calculated from the ribosome densities) for the antitoxin are at least 2 fold higher than the toxin, for six TA pairs for which sufficient data is available (16) . These observations together indicate that there are indeed nucleotide sequence dependent features, which allow regulation at the level of translation, leading to differential synthesis rates for the two genes in the operon. We therefore investigated the molecular bases for such regulation by carrying out saturation mutagenesis studies of the antitoxin ccdA, from the CcdAB TA system in E. coli.
The ccd operon encodes a labile 72 residue CcdA antitoxin, that prevents killing of E. coli cells by binding to the 101-residue toxin, CcdB. Both genes are co-expressed in low amounts in F-plasmid bearing E. coli cells, and their expression is autoregulated at the level of transcription (19) . If the cell loses F-plasmid, the labile CcdA is degraded by the ATP dependent Lon protease, releasing CcdB from the complex to act on its target DNA gyrase, which eventually leads to cell death (20) . Therefore, mutations which disrupt CcdA antitoxin function lead to cell death, under normal conditions. Using saturation mutagenesis, we find that the labile antitoxin, CcdA apparently shows considerably higher mutational sensitivity than most proteins studied to date (10) . Several synonymous point mutations in CcdA lead to loss of function in a manner uncorrelated to codon preference. Our data suggests that changes in mRNA structure upon mutation result in lowering of the CcdA: CcdB ratio in vivo, through a self-amplifying feedback loop, ultimately leading to cell death. The ccd, and likely most other TA operons, are highly sensitive genetic circuits that can be used to probe effects of mutations on gene function, in vivo. Most studies till date suggest that multiple synonymous mutations are required for a discernible phenotype. Subtle differences in fitness that are often undetectable in laboratory experiments can become fixed in the population over long timescales (7, 21) and laboratory selection conditions can differ greatly from those experienced during natural selection. Hence, to properly understand the contribution of single mutations, it is useful to have experimental systems, such as the present one, where small changes in protein activity have substantial phenotypic effects that are largely independent of external conditions.
Results
Unexpectedly high mutational sensitivity in the ccdA antitoxin gene encoding a natively unfolded protein
The ccd operon encodes for a labile 72 residue CcdA antitoxin, that prevents killing of E. coli cells by binding to the 101-residue toxin, CcdB. Mutations which disrupt CcdA antitoxin function lead to cell death. The ccd operon consisting of the promoter, ccdA and ccdB genes was cloned into the pUC57 plasmid (Supplementary Figure 6) . A site-saturation mutagenesis (SSM) library of CcdA was prepared using NNK primers (22) . The pooled mutant library of CcdA, transformed in sensitive and resistant strains (see Materials and Methods), was subjected to deep sequencing to estimate the relative ratio of the mutants in selected vs. Figure 1) . Out of a possible 2272 (71 positions*32 codons) mutants expected by NNK codon mutagenesis of the CcdA gene, reads for ~1700 mutants were available in the strain resistant to the toxin activity (represents the unselected library), with an average of ~300 reads per mutant. Only mutants having more than five reads in the unselected conditions were further analyzed. Deep sequencing was performed on two biological replicates, with good agreement between common mutants. Relative sensitivities of the total pooled library, mutants in the DNA binding domain, and in the CcdB binding domain were also assessed in vivo (Figure 1 ). A drastic reduction of cell growth in the sensitive strain shows that most CcdA mutants in the library have an inactive phenotype. We defined depletion ratio as the ratio of the normalized reads in the sensitive strain to the normalized reads in the resistant strain, for a given mutant. The distribution of depletion ratios amongst the CcdA mutants was assessed by plotting the frequency of mutants as a function of increasing depletion ratio. The distribution was centered on a peak at depletion ratio of 0.3 (Figure 1 ). ~60% of mutants had depletion ratio <0.3. The phenotype for a subset of these mutants was tested in the sensitive strain, by individual transformations and plating, and confirms that mutants with a depletion ratio <0.3 showed significant growth defects in the sensitive strain ( Supplementary Figure 1) . Overall, our saturation mutagenesis studies indicated that in an operonic context (Supplementary Figure 6 ), the antitoxin, CcdA has an exceptionally high mutational sensitivity, with ~60% of the mutants exhibiting an inactive phenotype and ~83% showing decreased activity relative to WT.
unselected conditions (Supplementary

Synonymous inactive mutations are unequally distributed throughout the ccdA gene
Surprisingly, several mutants at multiple positions display codon specific activity effects ( Figure 1 ). For example, for the D71R mutation, two of the mutant codons CGG and CGT show an active phenotype, whereas the AGG codon shows an inactive phenotype (Appendix Table 1 ). Interestingly, about 90% of all inactive mutants in the library have two or three base mutations, indicating a crucial role of the nucleotide sequence, rather than just the protein sequence in determining the mutant phenotype. At many of the positions even the WT synonymous codons were found to be inactive ( Figure 2 ). From a total of 71 synonymous mutants available in the library, 38% of the mutations had a depletion ratio less than 0.3, including 16 single base substitutions. All but one, three-base substitution among the synonymous mutations were inactive. Phenotypes have been confirmed, in several cases by constructing individual mutants and screening for activity on plates (Supplementary Figure   2A ). The distribution of all available synonymous mutations along the length of the ccdA gene indicated an increased frequency of synonymous inactive mutations from residues 8-31
and 63-71 ( Figure 2B ). Such a trend is also visible for positions manifesting codon specific activity ( Figure 2C ).
Strength of CcdB ribosome binding site correlates moderately with CcdA mutant phenotype
A primary sequence element that is known to be a strong determinant of the efficiency of translation coupling is the Shine Dalgarno sequence. Early studies by Das and Yanofsky on the Trp operon clearly implied that translation initiation at any start site located near a functional stop codon may be influenced by the strength, sequence and location of the SD region and its spacing from the start codon (23) . The Ribosome Binding Site (RBS) for the ccdB gene lies within the ccdA coding region, primarily between the 70 th and 71 st amino acids. Therefore, mutations in these residues not only may affect CcdA-CcdB binding but may also affect the relative CcdA and CcdB levels by changing the strength of the RBS for
CcdB. An analysis of all available codon substitutions at the 70 th and 71 st residue of CcdA from the deep sequencing data indicated a modest correlation between the strength of the RBS for CcdB expression and the depletion ratio of these mutants ( Figure 3A ). This indicates that modulation in the strength of the CcdB RBS through mutations in the ccdA sequence is an important determinant of mutant phenotype. The molecular basis of one such mutation D71R was probed. Since two of the arginine codon mutants had an active phenotype, it is unlikely that the inactive phenotype observed for the AGG codon is due to effects on protein stability or protein-protein interaction. It is known that the consensus sequence for the RBS, having the maximal strength is 5' AGGAGG 3' (based on the corresponding complementary sequence of 16S rRNA, 5' CCUCCU 3'). Therefore, it is likely that a change from the suboptimal RBS for CcdB present in the ccdAB operon, to a consensus RBS, increases the CcdB: CcdA ratio in the cell, thereby leading to cell death. To confirm this, the CcdAB operon having the D71R_AGG mutation in the CcdA gene was cloned under the pBAD promoter in the pBAD24 vector and relative levels of CcdA and CcdB were monitored in the E. coli CcdB resistant strain, Top10GyrA. We found that relative to the WT CcdAB construct, the D71R_AGG mutant indeed had higher levels of CcdB protein in the cell (Supplementary Figure 3 ).
Growth kinetics of single synonymous mutants upon overexpression
The above results indicate that synonymous mutant phenotypes in a natural context may differ from non-physiological over-expressed conditions where a strong influence of codon rarity is typically observed (24) . To compare the growth of single synonymous CcdA mutants upon overexpression, the WT ccdAB genes, as well as the mutants were expressed from the pBAD promoter under inducing (0.2% arabinose) and repressing conditions (0.2% repressor).
The overall growth of the mutants was very similar in the resistant strain, but their growth rates differed in the sensitive strain (Supplementary Figure 2B ). Most mutants did not show the drastic growth inhibition that was seen when expressed from their native promoter, but growth rates were relatively lower when expression was repressed. The D71R mutant inhibits cell growth under both repressed and induced conditions, likely by increasing the strength of the RBS for toxin expression. It is probable that increase in inducer leads to an increase in the mRNA: ribosome ratio, such that fewer transcripts will now exhibit a polysomic nature, thereby enhancing coupled translation and maintaining a WT like CcdA:CcdB ratio greater than one. These findings reiterate the fact that mutational effects may be quite different for over-expressed and endogenous genes.
Decreased CcdA: CcdB protein ratio explains the inactive phenotype of CcdA synonymous mutants
Since the CcdAB operon is repressed under physiological conditions, these proteins are expressed at very low levels and are not detectable on SDS-PAGE. For stable proteins, ribosome density along its corresponding mRNA may provide an estimate of the absolute protein levels in the cells (25) . However, for proteins that are subjected to regulated degradation, the determination of absolute levels becomes non-trivial. To monitor if the synonymous inactive mutants exhibit a perturbed CcdA: CcdB ratio in vivo, we used a quantitative proteomics approach. Absolute quantitation of endogenous levels of CcdA and CcdB proteins in E. coli lysates was done using labelled, synthetic CcdA and CcdB peptides.
Lysates from several synonymous point mutants of CcdA that lead to loss of activity in the operon context were subjected to quantitative mass spectrometry analysis.
Although, it is intuitive that the CcdA antitoxin must be present in excess of the CcdB toxin in vivo to inhibit toxin mediated cell death, for most TA systems, absolute or relative antitoxin and toxin protein levels are not known. We find that the ratio of the WT toxin and antitoxin proteins in the cell for this CcdAB construct are close to one ( Figure 3B) i.e., CcdA and CcdB proteins are present in nearly equal copies in the cell at steady state. For the ccd operon of F plasmid, levels are marginally higher. Synonymous point mutations in CcdA that lead to loss of activity in the operon context have a CcdA: CcdB ratio lower than one, thereby resulting in cell death. For mutants such as the T8 synonymous mutant, this ratio is quite low, whereas for an active mutant, R57A, the ratio is well above one.
The conditional co-operativity model for auto-regulation in toxin-antitoxin systems suggests that an excess of toxin can lead to operon de-repression, as the extended toxin-antitoxin complex is unable to form/bind to the corresponding operator sites on the DNA. At steady state, single synonymous mutants of CcdA that have a lower CcdA: CcdB ratio than WT, are anticipated to cause de-repression of the operon. The degradation rate of the CcdA antitoxin is estimated to be at least five times higher than the cognate toxin CcdB from pulse-chase experiments (26) . Therefore, to attain the observed steady state CcdA: CcdB ratio of ~1, we anticipate that the translation efficiency of the CcdA antitoxin would be at least five-fold higher than the toxin, CcdB ( Figure 3D ). It is therefore probable that mutations which lead to perturbations in the relative translation efficiencies of the two proteins in the operon context will manifest in an altered phenotype.
The altered protein ratio does not result from changes in the relative mRNA levels of ccdA and ccdB
To monitor the changes in the mRNA levels, RT-PCR was performed using both CcdA and CcdB specific primers ( Figure 3C ). A moderate increase in the mRNA levels was observed for most inactive mutants except for positions D71 and L16. Also, ccdA and ccdB mRNA regions were found to be present at similar levels in both WT as well as the mutant samples in this assay. Since the system under study is an operon, it is unlikely that there will be selective changes in the levels of mRNA of one gene relative to the other. It may be important to note that the mRNA quantified is expressed from its native promoter and transcribed by the native cellular E. coli RNA polymerase. This is in contrast with other, previous studies that have used T7 RNA polymerase based assays, where the mRNA levels may be mis-estimated as the elongation rate of this polymerase is different from that of E.coli RNA polymerase (24) . Moderate increase in the ccdAB mRNA levels relative to WT in most inactive mutants is likely a consequence of de-repression of the operon due to decrease in the CcdA: CcdB ratio (19) , rather than being the primary cause for differential protein levels (27) . This is in contrast to other studies which demonstrate mRNA levels to be directly correlated with protein levels (24) . Since these latter studies typically over-expressed the mRNA, phenotypic effects could be biased by limiting in vivo tRNA levels.
Inactive phenotypes are uncorrelated with codon preference
There is no significant over representation of rare codons in both ccdA and ccdB genes which have an overall GC content of about 51%, similar to the overall GC content of the E. coli genome. We analyzed the relative frequency of the mutant codon with respect to the WT codon in the E. coli genome, for positions showing synonymous inactive mutations. Inactive phenotypes of all available synonymous mutants correlated neither with codon usage, tRNA abundance nor with a modified codon usage parameter, codon influence (Supplementary Figure 4 ). This indicates that mechanisms other than codon usage are at play at controlling the synonymous mutant phenotype.
Assessing folding defects in CcdA mutants through WT CcdB binding probed by yeast surface display
To monitor if the synonymous mutants exhibit rare codon induced folding defects, which may manifest in lower protein yields in vivo, we used yeast surface display to monitor the binding of single synonymous CcdA mutants to its partner CcdB. Defects in folding should result in reduced CcdA-CcdB binding. We find that all single synonymous inactive mutants probed, bind with similar affinity as WT CcdA to CcdB (Supplementary Figure 4D ). Many mutants in the library show an inactive phenotype in E. coli (no growth) but apparently bind well to CcdB as assayed by yeast surface display, and hence are properly folded. Therefore, a decrease in CcdA: CcdB ratio in vivo, in E. coli, is not due to misfolding of the CcdA mutants.
Inactive, synonymous CcdA mutants may cause ribosomal pausing
An analysis of bacterial genomes has suggested that SD like sequences within the coding region of genes could be potential ribosomal pause sites and are therefore under negative selection (6) (28) . To test if the synonymous mutations in CcdA could generate such potential pause sites, the difference in interaction energies with the anti-SD sequence between single synonymous mutants and the WT sequence with respect to the anti-SD sequence was calculated for a window of 10 nucleotides using the RNAsubopt program in the Vienna RNA package (29) . The data ( Figure 4 ) indicates that all inactive mutants had higher (more negative) interaction energy with the aSD sequence than the WT. This additionally suggests that inactive, synonymous CcdA mutants may cause ribosomal pausing. Properties such as changes in GC content upon mutation can lead to such difference in the interaction energies.
Also, an increase in base pairing propensities of these nucleotides upon mutation can likely lead to an altered RNA structure, which in turn may cause altered translation efficiencies of the ccdA and ccdB genes in the operon.
Previously, a Rho-dependent termination mechanism has been proposed for degradation of unprotected mRNAs because of reduced accessibility of the SD sequence upon synonymous mutations (30) . This is unlikely for a TA operon, where the expression of downstream toxin gene is essential for an inactive phenotype to manifest. In agreement with this, we did not observe any decrease in the mRNA levels upon synonymous mutations ( Figure 3 ) nor did the mutations lead to significant predicted decrease in SD accessibility ( Figure 4 ).
Saturation suppressor mutagenesis
We carried out an exhaustive, saturation suppressor screen (31) to obtain additional insights into mechanisms responsible for synonymous inactive mutant phenotypes (Supplementary Figure 5 ). Analysis of the suppressor mutants demonstrates that synonymous codons at different residues tend to suppress each other ( Figure 5 ). Mutations at residues T8 and V7 suppress more than one single synonymous mutation. Interestingly, the synonymous mutants that suppress other synonymous inactive mutations are individually inactive. This is suggestive of interaction between corresponding nucleotides in the mRNA.
Consistent with this, two of the suppressors obtained (at residues V7 and T8) for synonymous inactive mutations at L16 residue, show base pairing in the predicted mRNA secondary structures of WT CcdA ( Figure 5 ). The T8 residue is in the DNA binding domain of CcdA and is not proximal to L16 in the DNA-bound protein structure (PDBid 2H3C). This indicates that rescue of WT like mRNA structure by the suppressor in turn results in a WT like CcdA: CcdB ratio in vivo. It has been observed that the efficiency of translating a codon is sometimes influenced by the nature of the immediately adjacent flanking codons. A role for triplets of codons in translation has been suggested (32) .
We therefore probed the effect of synonymous mutations in the codons adjacent to the inactive mutant codon, however these could not suppress the single synonymous inactive mutation. Of the few transformants obtained in the sensitive strain, many clones had insertions/ deletions making the toxin non-functional, leading to growth under selective conditions. This suggests that altered global RNA structure, rather than adjacent codon effects are responsible for the observed codon specific phenotypes in CcdA.
Presence of differential secondary structure in the mutant ccd RNAs
We sought to probe the in vitro mRNA structure of the mutants and compared it to the WT.
Previously, models based on prediction of RNA secondary structure have shown some success in establishing a correlation between alterations in the secondary structure and translation rate differences at the N-terminal end of a gene (12) . To experimentally probe possible changes in RNA structure resulting from mutation, in vitro transcription was used to generate the first ~150 bases of ccd mRNA which was subjected to alkaline hydrolysis. Base paired regions display protection from hydrolysis (33) . In-line probing of WT, suppressor pair, and inactive mutant ccd transcripts all show presence of local secondary structures in the mRNA. Our analysis above suggested that alteration of ccdA SD sequence accessibility was unaltered by downstream synonymous mutations. Consistent with this, we find that the region of the mRNA corresponding to the SD sequence is fully accessible in these different transcripts. Notably, the most prominent differences in RNA structure are seen in a ~36 nucleotide stretch (~G45 to G81) which encompasses the T8 and L16 codons. These are paired to each other in models of two individual single mutants, T8_ACU and L16_CUG ( Figure 6 ). While transcripts for the individual T8 and L16 mutations look distinctly different in structure from that of the WT, the suppressor double mutant appears to restore the local secondary structure to more closely resemble the WT. The L16 inline probing data also clearly reveal a stem region comprising of segment G45 to G81 which is not visible in other mutants.
Although there is no clear correlation between the protection seen in the inline probing with base paired regions in the predicted structures, both approaches collectively suggest that synonymous mutations likely cause a change in mRNA structure leading to a change in CcdA: CcdB ratio, resulting in cell death.
Effect of designed synonymous mutations in another E. coli TA operon, RelBE
To test if insights from the ccd operon had predictive value, the RelBE system was used as a test case. Unlike the plasmidic ccdAB system, relBE is a chromosomal toxin-antitoxin system expressed as a part of the relBEF operon (34) . The RelE toxin is a site-specific, ribosome dependent mRNA endonuclease that leads to bacterial growth inhibition. Mild overexpression of RelE also leads to increase in the persister cell frequency (26) . While unrelated in sequence, the RelB protein from E. coli is like the CcdA antitoxin in both fold and thermodynamic properties and inhibits the action of RelE by forming a tight complex. The RelBE complex acts as a transcriptional repressor and auto-regulates its own expression (34) . Homologs of this system are found in many bacterial species including pathogens like Haemophilus
influenzae. An analysis of the ribosome profiling data for the E. coli K12 MG1655 strain indicate that the translation efficiency for the relB gene is indeed 3.6-fold higher than the relE gene, although both the codon and tRNA adaptation indices are similar for both genes, similar to what we inferred in the CcdAB system. From the ccd study, we found that most synonymous inactive mutants were three base substitutions. We attempted to elicit an inactive phenotype upon introduction of synonymous mutations at single codons in the RelBE operon.
We designed and tested seven single synonymous substitutions in relB, including all possible three base substitutions in the serine codons, three representative two base substitutions and one control mutation at the 77 th residue of relB that strengthens the SD sequence of RelE, thereby leading to an increase in RelE levels and inhibition of cell growth ( Figure 7A ). These mutations were to both optimal and rarer codons. Using a similar screen of cell death vs.
growth as in the case of CcdAB system, we monitored the growth of single synonymous mutants in the WT (E. coli BW25113 relBE) as well as in the toxin deleted (E. coli BW25113 ΔrelE) strain. Most mutants had a decreased growth in the WT strain, indicating that the designed synonymous mutations indeed result in a loss of function phenotype (Figure 7B ).
This also indicates the existence of a relatively general phenomenon wherein a change in RNA sequence upon synonymous mutations can have phenotypic effects that are unrelated to the change in codon usage frequency upon mutation, at least in toxin-antitoxin type operon systems, where small perturbations in the system can compromise cellular fitness.
Furthermore, these studies highlight the utility of synonymous mutations in perturbing in vivo expression levels without altering protein sequence, to result in desired phenotypes.
Synonymous mutations in a non-operonic context: Test of generality using β-
galactosidase enzyme as a model.
We next tested the effect of three-base synonymous substitutions in a non-TA gene model. We selected the -peptide of the βgalactosidase enzyme as a facile activity assay exists and there is extensive prior mutational data for the βgalactosidase gene, including mutations that alter activity by affecting mRNA structure (35, 36) . Ten single mutants at serine codons, distributed throughout the gene, were made. Mutants were transformed in E.coli XL-1 Blue strain and activity was monitored using a colorimetric assay. Three out of ten mutants have significantly lower activity than WT ( Figure 7C ). As before, we did not find any correlation between codon usage and mutant growth. Most earlier studies on βgalactosidase gene have found synonymous mutations to be near neutral, with a majority of mutants being one or two base substitutions (35, 36) .
Discussion
Our studies on the ccdA gene in an operon context using saturation mutagenesis coupled to deep sequencing revealed that several synonymous substitutions along the length of ccdA can lead to a loss of function phenotype. The present work demonstrates that there can be strong selection for specific synonymous codons, complicating interpretation and use of dN/dS ratios.
The frequency of synonymous mutations that affect phenotype in our system is large, with ~38% (28 of 73) of all assayed synonymous mutations having a loss of function phenotype.
Many non-synonymous mutations also show codon specific phenotypes. Quantitative proteomics results indicate that for loss of function mutants, the in vivo CcdA: CcdB ratio is lower than WT leading to cell death. The data suggest that synonymous mutations in CcdA cause a change in mRNA structure and thereby leading to a change in the CcdA: CcdB ratio and affect operon auto-regulation. The ccd operon used in the present experiments differs slightly in sequence from the one on F-plasmid ( Figure S1 ) resulting a slightly reduced CcdA:CcdB ratio ( Figure 3B ), thus enhancing sensitivity to mutations. This ccdAB system allows reporter independent monitoring of in vivo phenotypes, that are highly sensitive to small perturbations in the regulation of the system. The insights obtained were used to design synonymous loss of function mutations in the unrelated relBE operon and in the gene encoding the lacZ -peptide. Earlier studies which observe a strong influence of codon rarity and codon pair bias on protein level (24, 37) , typically used over-expressed proteins in a nonphysiological context. In natural contexts, many bacterial genes are organized in operons to ensure co-regulation of genes involved in similar pathways and functions. In the special case of toxin-antitoxin operons, fine tuning of the relative amounts of antitoxin and toxin is essential and directly linked to bacterial fitness. Given the abundance and diversity of these TA systems in many bacterial species, including the pathogen Mycobacterium tuberculosis, it is reasonable to think that the cell must have evolved multiple mechanisms to ensure their stringent spatial and temporal regulation. Analysis of whole genome RNA-seq and ribosome profiling data available for the E.coli genome indeed indicate that while the mRNA levels for most type II TA systems were similar for the toxin and the antitoxin, the antitoxin protein levels can be upto two fold higher than the toxin under normal growth conditions (16) . We find that these relative protein levels can be perturbed through changes in mRNA structure due to synonymous mutations. A few recent reports have highlighted widespread selection of local mRNA structure in the coding regions of viral RNAs, predominantly through computational analysis of relative folding free energies of the different RNA regions (38) and identifying sites of suppression of synonymous codon usage from a multiple sequence alignment (39) . A recent finding suggested that the order of the genes in operons is reflective of the assembly of the gene products (40) . Given the conservation of the proximity of the toxin binding domain on the antitoxin, to the toxin coding region, it is reasonable to think that the folding and binding of the antitoxin and toxin may be co-translational in vivo. This may pose further constraints on the selection of codon sequence that will be probed in future studies. While it was earlier thought that most mRNAs are relatively unstructured, recent genome-wide studies have shown varying degrees of structure in E. coli mRNAs (13) . However, the functional implications of these findings, and the sensitivity of these structures to point mutations have not been studied. The current study confirms that these structures are indeed sensitive to mutations and that synonymous mutations can have large phenotypic effects, in a natural context. Mutational tolerance inferred from laboratory-based mutational studies is typically much higher than observed natural sequence variation. However, the present study suggests that this may be a consequence of the artificial selection conditions, overexpression and other factors. Thus, genes are likely more sensitive to mutation than inferred from previous saturation mutagenesis studies (10, 41) .
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The authors declare no conflict of interest. 20 Phenotypic landscape for different residues in CcdA inferred from the deep sequencing data.
For each of the residue positions in CcdA, the fraction of mutants having a given depletion ratio (represented in different colors) is plotted. Black color represents fraction of mutants having codon specific (CS) phenotype and grey represents mutants not available. A large number of mutants have a loss of function phenotype, the fraction being higher for the Cterminal residues 37-72. Only positions which have more than 13 mutants available have been plotted here. In both the T8 and L16 inactive single mutants, the bases encoding T8 mutant (A46, C47, U48) and L16 mutant (C70, U71, G72) are paired to each other, whereas in the suppressor, these bases are paired to other bases in the ccdA sequence forming two distinct stems, making the overall structure different from the individual mutants as well as to the WT. Following transformation in the indicated strains, single colonies were streaked into sectored plates. Most mutants showed a decreased growth in the WT strain indicating that the synonymous mutations in the relB gene results in a loss of function phenotype. (C)
Activity of single synonymous mutants in the α-peptide encoding region of LacZ. Error bars indicate standard error. '*' indicate significant differences from the WT (* p-value <0.05 and ** p value <0.01, paired t-test).
Methods
Preparation of a single-site saturation mutagenesis library of CcdA
Mutagenic primers for all 71 positions (2nd to 72nd) of CcdA were designed such that the degenerate codon (NNK) was at the 5' end of each 21 bp forward primer. A non-overlapping adjacent 21 bp reverse primer, along with the forward primer, was used to amplify the entire pUCccd vector by inverse PCR methodology (22) . 
Sample preparation for deep sequencing and data processing
Pooled, purified plasmid samples from each condition were PCR amplified with primers containing a six-base long Multiplex Identifier (MID) tag. 270 bp long PCR products, containing the full ccdA gene, were pooled, gel-band purified and sequenced using Illumina Sequencing, on the MiSeq platform. Sequencing was done at Macrogen, Korea. The sequencing was done for two biological replicates. The initial quality of the sequencing data was assessed using FASTQC software. Further analysis was performed using in-house Perl scripts. Sequencing data was analyzed by assigning each read to a particular "bin" based on its MID tag. The downstream primer sequence was used to identify forward and reverse reads in each bin. Only those forward and reverse read pairs which overlap with each other, and together cover the entire ccdA gene length, were considered for analysis. The reads were aligned with the wild-type sequence using the Water program of the JEMBOSS package (42) .
Reads with insertions, deletions and multiple mutations were omitted, and only mapped single-mutants were used for further data analyses.
Assignment of mutant phenotypes based on the deep sequencing data
Read numbers for all mutants at all 71 positions in CcdA were analyzed. Mutants having <5 reads in the resistant strain were not considered for analysis. The total number of reads in different conditions was calculated. Read numbers for each mutant at a given condition were normalized to the total number of reads in that condition. Depletion ratio was defined as the ratio of the normalized reads in the sensitive strain to the normalized reads in the resistant strain, for a given mutant. For each residue in the CcdA protein, reads for all the 32 possible mutant codons were analyzed in the sensitive vs. resistant strain and phenotypes were assigned. Positions showing codon specific mutation effects were analyzed separately.
Construction of double mutant library to identify suppressors for synonymous inactive mutants
Saturation suppressor libraries: Single CcdA synonymous inactive mutants were introduced into the CcdA library using the inverse PCR approach described above and transformed first in the resistant strain, E. coli Top10Gyr, to get the entire double mutant library. Pooled plasmid from this library was isolated and retransformed in the sensitive strain, E. coli Top10 to select for suppressor mutants. 96 clones were streaked on a plate and sent for Sanger sequencing at Macrogen to determine the identity of the suppressors.
Codon pair libraries: Double mutant libraries were constructed in the background of 6 selected single-site inactive, synonymous mutants to introduce all synonymous mutations both in the upstream and downstream codon, using the inverse PCR strategy, described above. Pooled mutant plasmids for each position were extracted from the resistant strain and transformed into the sensitive strain to obtain suppressors.
In vivo activity of individual single-site CcdA mutants
Selected single-site synonymous mutants of CcdA were constructed and sequence confirmed.
These plasmids were retransformed into the sensitive and the resistant strain and plated on LB agar plates and grown at 37˚C for 16 hrs. CFU's for the transformants obtained in the two conditions were counted to confirm their in vivo activity.
Growth kinetics upon over-expression of strains transformed with single synonymous mutants
The CcdAB coding sequence was synthesized and cloned in the pBAD24 expression vector at GeneArt (Germany) to drive the expression of CcdA and CcdB from the pBAD promoter, which is inducible by arabinose. A set of 11 single synonymous mutants of CcdA were made in the above construct. 200 µl of mid-log cells (OD600 of 0.4) were grown in a microtitre plate. Growth was monitored for 5 hours, by conventional OD600 measurements. 
Monitoring the relative levels of
Estimation of ccd specific mRNA levels using qRT-PCR
For RNA isolation and quantitation, 3 ml of culture was grown for each of the mutants of ccdA transformed in E.coli Top10Gyr. Cells were grown to saturation under shaking conditions at 37˚C, 180rpm, pelleted and RNA was extracted by the RNAsnap method (44).
Chromosomal and plasmidic DNA were removed by treatment with 2 units of DNase1 for 2 hours at 37˚C, followed by ethanol precipitation of RNA. RNA was quantified by nanodrop spectrophotometric estimation, and quality was assessed by agarose gel electrophoresis prior to downstream processing. 2µg of total RNA was taken in a sterile, RNase-free microcentrifuge tube and 0.5µg of random hexamers was added to serve as primer for cDNA synthesis, in a total volume of 15µl in water. The mixture was heated to 70°C for 5 minutes to melt secondary structure within the template. The tube was cooled immediately on ice to prevent secondary structure from reforming. 
Experimental determination of transcription start site
Total RNA was extracted from E.coli Top10GyrA cells transformed with pUCccdAB plasmid using RNA SNAP method (44). First strand cDNA synthesis was done using gene specific reverse primer (R1) phosphorylated at the 5' end. The cDNA was circularized using T4 DNA ligase. Circularization brings the 5' end of the transcript (TSS) next to the 5' end of R1 primer. Using this as a template, PCR amplification using internal forward and reverse primers (IF1 and IR1) was performed to generate a fragment containing the TSS and R1 sequence. The fragment was sanger sequenced. Base preceding the 5' end of the R1 primer was assigned as the transcription start site for ccdAB transcript.
In-line probing of the Ccd mRNA
Preparation of RNAs: The 167 bp region of the ccdAB operon from the experimentally determined transcription start site till amino acid 41 of the ccdA gene was used for the study. Na2CO3 pH 9.0, 1 mM EDTA, at 95C for 5 min, followed by addition of Urea loading buffer. Reactions were resolved on a 10% denaturing (8M Urea) PAGE gel run at 40 watts for ~3hrs. Following electrophoresis, the gel was dried on a gel drier at 80C and the gel post drying was exposed to a screen and developed using a Phosphorimager. Base positions were assigned from cleavage ladders and structured and unstructured regions were annotated.
Computational prediction of mRNA secondary structure
The initial 150 bp of the ccdAB transcript were submitted to the mFOLD (45) for prediction of secondary structure. All energy parameters were set at default values. Detailed output was obtained in the form of structure plots with reliability information, single strand frequency plots and energy dot plots. Local mRNA secondary structural elements encompassing the region of synonymous inactive mutations were further analyzed.
Calculation of interaction energies for synonymous mutants in ccd mRNA
The difference in the interaction energy between single synonymous mutants in CcdA and the WT sequence, with the consensus anti-Shine Dalgarno (aSD) sequence (5' CCUCCUAU 3'), was calculated for a window of ten nucleotides using the RNAsubopt program from the RNAVienna package 2.4.3 (29) . The average energy difference for each mutant across these ten windows was compared for all the available synonymous active and inactive mutants.
Such aSD like sequences are known ribosomal pause sites (6) . Similarly, the difference in the interaction energy between single synonymous mutants in CcdA and the WT sequence with the ccdA SD sequence (5' AAAAAGAU 3') was also calculated.
Yeast surface display of CcdA library to probe CcdB binding
The CcdA libraries, individually recovered both from the resistant and the sensitive strains, were amplified from the pUCccd vector and recombined into the yeast surface display vector, pETcon (Addgene plasmid # 41522) between NdeI and XhoI sites, using yeast homologous recombination in S. cerevisiae EBY100 strain. Positive clones, sufficient in number to cover the library diversity, were obtained on selective SDCA plates. The transformant pool obtained were grown in liquid SDCAA media for 48 hrs and stored in aliquots of 10 
Monitoring the effect of single synonymous mutations in the RelBE operon
Design of mutants: The WT sequence for the RelBE operon from E.coli K12 MG1655 strain was retrieved from the NCBI database. The entire transcription unit of 910 bp (46) including another gene relF, which is expressed as a part of the same operon, was cloned in the EcoRV site of the pUC57 vector at Genscript. Seven different constructs having synonymous mutations in the relB gene were synthesized with a stop codon in the relE toxin gene to ensure normal cell growth even after inactivation of the antitoxin. Based on our results on the CcdAB system, either two or three base substitutions were made in order to have an inactive phenotype. Three base synonymous substitutions are only possible with serine codons. Three base synonymous substitutions were made in three of the serine codons, S3, S16 and S28, all at the N-terminal half of the relB coding sequence. Three representative two base substitutions at positions R7, L50 and R73 were also tested. A single base substitution at the D77 residue was made to increase the strength of the SD sequence for relE and was used as a positive control mutant. The introduced stop codon in the relE gene was reverted using the inverse PCR strategy described earlier (22) Phenotype testing: Due to absence of a strain that is resistant to toxin action, we employed a toxin deletion strain (E.coli BW25113 ∆relE) for the propagation of mutants. By virtue of this deletion, the WT chromosomal operon is de-repressed, leading to an excess of antitoxin in the cell, relative to the WT strain (E.coli BW25113 relBE). The inverse PCR products for individual mutants were phosphorylated and ligated, as described previously. Ligation mixes were individually transformed into the E. coli BW25113 ΔrelE strain, to recover the plasmid.
Single clones were isolated, and sequence confirmed. Equal amounts of the mutant plasmids were transformed in E. coli BW25113 WT strain (having chromosomal relBE genes intact) to test their phenotype as well as in the E. coli BW25113ΔrelE strain as a control. These were then streaked onto LBamp agar plates and grown for 12 hours at 37˚C to monitor differences in growth.
Monitoring the effect of single synonymous mutations in the β-galactosidase gene
The sequence of the α-peptide from βgalactosidase gene was taken from pBluescript II KS+ vector. Ten mutants, each having three base substitutions at serine codons were made at Genscript. The mutants were transformed in E. coli XL-1Blue strain. Transformants were selected on LBamp (100µg/ml) plates. Single colonies were picked and grown overnight in 
